Introduction
In many technological areas, scanning electron microscopes (SEMs) have become indispensable tools. Due to the limited size of conventional units, however, only small parts of the actual sample may be inspected. In October 2005, a large-chamber scanning electron microscope (LC-SEM) was installed at the Central Facility of Electron Microscopy (GFE) at the RWTH Aachen University. With the large chamber scanning electron microscope (LC-SEM) this size restriction no longer applies. A completely new approach has been adopted, in which the SEM column itself is suspended and can move around the object [10] [11] [12] . The object itself can thus have dimensions of up to 70 cm in diameter and 300 kg in weight. As an example, we have investigated a diverter element, which is in construction for the ITER fusion reactor project, in our large chamber SEM without having to section it [16] . Heidenblut et al. described in their work the wear characterization of forging dies using the LC-SEM, as well as investigations regarding the size inଏuences during soldering with an additional electron beam integrated in the LC-SEM [6] . In situ fatigue tests in an LC-SEM, which was equipped with an integrated servo-hydraulic testing device, were reported by [17] and [13] . Luo et al reported on the setup of a pin-ondisc tribometer, which was used to perform in situ wear tests in the LC-SEM [15] . Tillman et al used their LC-SEM for analyzing the spreading kinetics of AgCuTi melts on silicon carbide below 900°C [22] .
Large chamber-SEM
The Large Chamber SEM was designed and developed as a commercial instrument by the company Visitec (Fig. 1) . The instrument has been developed as a suitable tool for the study of large technological parts without having to section them, but also allows a visual control of any micromechanical manufacturing, assembling, or testing process by implementing them in the chamber. The electron optics is based on an electron optical column for a conventional SEM equipped with a thermial emitter and an image resolution of 10 nm. As conventional SEM columns are not built to be operated within the vacuum chamber, modiଏcations had to be developed for the adaption of the electron optics in the vacuum chamber. The SEM column itself has been integrated into a positioning system, [10] that allows to "walk" around the sample and to image it from freely selectable viewing directions (Fig. 2) [11, 12] .
The positioning system makes it possible to freely position the electron optical columns within the chamber. Two translatory axes and two rotatory axes are moving the electron optics. In addition to the mechanical positioning system, an electronic beam shift allows a movement of the SEM probe of about ± 2 mm. Furthermore, a rotating device for the channeltron secondary electron detector at the objective lens of the electron optics is installed for contrast tuning in the SE mode. The positioning system enables the user to investigate objects up to a size of 70 cm in diameter and 300 kg in weight. The rectangular vacuum chamber is made of aluminium with an overall wall-thickness of 40 mm, due to the magnetically shielding properties of aluminium. In addition, the inner wall of the chamber is plated with a special nickel alloy as a further magnetic screen. The chamber is equipped with a large front door, opening completely. This allows a comfortable access to the working space and an easy installation of objects to be investigated. As we will show in the present manuscript, integration of various testing and analyzing devices is possible because of the large vacuum chamber.
The LC-SEM at the GFE has a combination of analytical capabilities and accessories, which consist of the standard secondary electrons (SE) and backscattered electrons (BSE) detectors, and a liquid nitrogen free energy dispersive X-ray (EDX) detector. In addition, the chamber can be operated in variable pressure mode in low vacuum conditions of up to p = 30 mbar. Due to the large chamber and the ଏexible positioning of the electron-optical column, the LC-SEM oଏers one-of-a-kind conditions for constructing devices for in situ investigations in the chamber. Fig. 1 shows a view into the chamber and illustrates the available space for experimental installations. This space gives the LC-SEM unique capabilities in various research projects [19] . The projects we will report on include the development and installation of in situ test equipment for turning, laser beam micro welding and the integration of a heating module for carrying out brazing experiments. The in situ devices will be described in detail and preliminary experimental results will be presented.
In situ turning device
Functionally relevant geometric component properties, i.e. dimension, shape and position tolerances, can now be produced reliably within predeଏned production tolerances. State variables, e.g. the inherent stress state of the component edge zone, however, cannot be set in a reproducible manner during the production process [9] . Material properties of great relevance for the later functionality of components are, among other things, the hardness, the inherent stress, the plastic deformation and the surface roughness.
In the case of components produced by machining technologies (turning, milling, etc.), various eଏects occur in the contact zone [5, 8, 14] . These in turn inଏuence the properties of the produced component. Such eଏects and surface modiଏcations are investigated in the ଏeld of our research [3, 7] . The term "process signatures" describes the relationships between material stress and the resulting modiଏcation of the material near the contact zone. The aim of this research area is the evaluation of these process signatures, so that speciଏc modiଏcations and state variables can be generated reproducibly in the contact zone. Consequently these potentials can be utilized for tailoring materials properties in a surface-near zone.
Within the scope of this ଏeld of research are in situ investigations in the LC-SEM during simulated material processing processes, e.g. material removal with a deଏned cutting edge. For these studies, a special, high vacuum-capable turning device was designed and produced. Using this turning device, a metallic sample can be turned on its surface with a precision in the range of a few µm and velocities between 10µm/s and 100µm/s. The resulting turn track, the deformation on the surface, and the resulting chip are examined in situ with the LC-SEM.
Deformations with a chip width of approximately 20 µm and a chip thickness of less than 3 µm can be analyzed. This allows, on the one hand, the in situ investigation of the deformation on the sample surface plane; on the other hand, it is possible to consider the deformation of individual grains. Furthermore the surfaces produced can be subsequently characterized by conventional microscopic methods such as Atomic Force Microscopy (AFM), Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM).
Turning device setup
The concept of the turning test relies on two linear axes which are arranged orthogonally to one another and a workpiece driven in rotation (Fig. 3) .
The turning device consists of the following components: linear axes, electric motor, gear unit, turning tool, and the turned sample. The linear axis in the Y direction moves the turning tool and the linear axis in the X direction moves the turned sample. Here, two axes are required to produce a plurality of turn tracks next to each other on a single turn sample. This eliminates the need to produce a new sample for each turning track. The electric motor displaces the turning sample into a rotary movement via the corresponding gear, with the turning tool guided into the outer surface of the turn sample by means of the linear axes. Furthermore, during the assembly of the turning device, the circular running precision of the turned sample was achieved to be less than 10µm. This precision is a prerequisite for turning in the µm range.
By rotating the turning tool holder by 90°, the planar end face of the sample can also be turned (Fig. 4) . Compared to the surface of the cylindrical shell, this has the advantage of facilitated preparation on a microstructure scale. A preparation on the cylindrical surface must ensure a high dimensional accuracy of the outer diameter. If the preparation was not performed in an absolutely uniform manner, this surface would begin to wobble. As a result, the diamond tip of the turning tool would be sometimes more and sometimes less engaged during the turning operation. This would result in turn tracks of different depth and width, up to the point where the track is interrupted. Chip formation mechanisms in machining processes have not yet been fully understood. Until now, this process could only be observed with optical methods, placing a strong limitation on the magniଏcation. Our in situ LC-SEM investigations allow for the ଏrst time the observation of chip formation on the microstructure scale. Thus, conclusions on the deformation behavior of individual grains are made possible for the ଏrst time. Fig. 6 shows a section of the formed chip. Remains of the former microstructure are recognizable despite high deformation. The chip appears to be composed of individually strongly squeezed grains, which are stacked together under high deformation. Fig. 7 shows a FIB lamellae cut out from the turned track. The upper layers of the microstructure show a high deformation in the direction of the track. The deeper one looks into the material, the more uninଏuenced the microstructure appears. By means of these investigations, the fundamentals for the understanding of the mechanisms which cause modiଏcations of the surface near zone during straining of the material are created. Structural modiଏcations such as the grain size distribution and the grain deformation can be determined in situ.
Experiments

Laser welding and brazing in the LC-SEM
If a material passes into a molten phase during the process chain, such as in the case of metal casting, plastic injection molding, all fusion welding processes, and thermal cutting processes, but also in thermal coating processes, the desired requirements for component precision might not be maintained. Volumetric contraction during solidiଏcation, uneven cooling due to restricted energy transport, and uncontrolled microstructure formation result in a large number of structural defects which signiଏcantly inଏuence the precision of the component. In particular processes, in which the component geometry is produced by a molding tool and rapid casting and melting processes, cost-eଏective mass production is possible. Examples of detailed investigations of process-induced microstructural and property changes are given in the work of [4, 18] in the ଏeld of laser processing.
The central research questions in this research project can be formulated as follows:
• Which physical eଏects and processes inଏuence melting and solidiଏcation processes, and how is their interaction related to the achievable precision?
• How can these processes be selectively and predictively inଏuenced to increase component precision, and how is component precision aଏected by thermal separation processes that produce the materials removal by local heating of the workpiece?
The eଏect of removal is produced by heat conduction and phase transformation of the material -in the case of melt cutting processes, by the conversion of the volume to be removed into the molten phase -and the removal at least of parts of this melt from the forming cutting gap. The removal geometry can thus not be derived directly from a welldeଏned cutting edge. Rather, the distribution of locally injected energy, the heat conduction, and the melting process, as well as the processes of the partial material discharge on the one hand and the residual melt adherence and stiଏening on the other, determine in particular the precision (reproducibility and regularity) and shape retention of the resulting cutting ଏanks. During laser beam cutting, instabilities of the laser cutting edge cause undesirable quality losses in the form of removal and solidiଏcation ruptures. They can generate burrs. The analysis of the causative phenomena is hampered mainly by restricted diagnostic methods due to time and location of domains that are diଏcult to access. The physical mechanisms of the formation of the shape of the incision (cut) and the generation of the burr at the cutting edge, the two most important precision features of a laser cutting edge, are therefore still unclear.
The formation of a molten phase during manufacturing processes activates complex thermomechanical mechanisms that have a lasting eଏect on the microstructure, the resulting properties, and the component geometry. This includes both the coarsening of existing phases and the conversion into new phases, as well as the formation of diଏusion zones and residual stress zones. With high-resolution electron microscopy methods, the microstructures can be characterized both in the area of the solidiଏed molten liquid phase and in the surrounding heat inଏuence zones. A deeper understanding of the mechanisms involved during the formation and solidiଏcation of the melt is obtained by electron microscopy in situ experiments.
In the large-chamber scanning electron microscope installed at the GFE, a practical simulation of the processes during laser welding and brazing is carried out with the aid of corresponding devices, and the processes taking place during this activity are directly observed with the electron beam. The aim of these investigations is the basic understanding and a further quantitative description of the functional relationship between the determined microstructural parameters and the macroscopic geometrical and mechanical properties of the investigated material combinations.
Laser welding experimental setup
By means of an electron microscopic investigation of the laser beam micro-welding process, a better understanding of the solidiଏcation processes and the associated capillary dynamics can be achieved. With the knowledge gained in this way, laser beam welding processes in microtechnology can be used in a manner that is more eଏective and more processor-oriented, thereby increasing productivity [20] .
In order to achieve a high resolution in situ analysis of the welding process, the laser system technology for laser beam micro welding was integrated into the LC-SEM. By means of this integration, the microstructures and the aଏected material areas of the dynamic and complex melting process can be visualized.
The experiments were carried out using a SPI200C ଏbre laser (SPI Lasers UK Ltd, United Kingdom) with a central emission wavelength of 1070 nm and a maximum output power of 200 W. At the end of the ଏbre, a permanent collimator was mounted, which provided a parallel beam with a diameter of 5 mm. The resulting focused laser beam at the end of the optical lens system had a diameter of 10 µm to 50 µm on the sample surface.
To create a more ଏexible experimental setup, the laser beam was integrated in the large vacuum chamber by using an anti-reଏective vacuum window (Fig. 8) . This setup allows observation of diଏerent laser processes in the vacuum chamber with a simple change of the laser beam source. Inside the chamber, the laser beam is reଏected by diଏerent mirrors, which compensate for the linear oଏset between the inlet of the laser beam and the actual processing area.
The laser beam is focused by using a lens with a focal length of f = 100 mm and a further angled mirror, which reଏects the converging laser beam under an angle of α = 30°to the normal of the surface of the sample. To realize a vertical welding process, the sample material is inclined at the angle α. The observing electron beam is directed in a vertical direction towards the tilted sample (Fig. 9) .
To realize a feed motion during the laser welding process, the sample material is mounted on a linear translation table (Steinmeyer Mechatronik GmbH, Germany), which can generate a slow movement Fig. 7 . TEM bright ଏeld image of a FIB Lamella cut as a section parallel to the turned track. v f Ȃ 1 mm/s. This practical implementation leads on the one hand to a ଏxed observation point of the process on the sample; on the other hand, the slow movement is necessary to record a video by using the scanning electron microscope, which can realize frame rates up to 2 f/s.
Experiments
The stainless steel 1.4310 (X10CrNi18-8) was used as sample material during the laser welding tests. First, the power parameters of this experimental setup for laser beam micro welding were determined. For this purpose the power of the laser was gradually increased from 20 W to 60 W (Fig. 10) . The tests were started with a laser power of 20 watts and produced the right track in Fig. 10 . In 10 watt increments, the power was gradually increased from 20 watts to 60 watts. At the lower power of 20 watts and 30 watts, no cutting process has yet taken place. Only the heat-aଏected zone, which is slightly wider for the 30 Watt track than for the 20 Watt track (5.33 µm versus 4.01 µm), is visible. The ଏrst material removal appears at a laser power of 40 watts. For this and higher laser powers the trenches generated by the laser exhibit a width ranging from 13.20 µm to 20.00 µm (Fig. 10) . As a result of laser reଏections at the maximum power of 60 watts, disturbances occur during the image recording due to beam reଏections on the surface. Fig. 11 shows a postmortem recorded laser track with a laser power of 50 watts [see also Video 2] .
Brazing investigations in the LC-SEM
In joining techniques such as, for example, during brazing, molten phases are locally produced in the workpiece, forming a metallurgical bond between ଏller metal and base material. In the heat-aଏected zone, melting and solidiଏcation processes can thereby lead to shrinkage, mismatch and warpage. Furthermore, various process parameters, such as heating rate and holding time, inଏuence the formation of the joining zone and in particular the characteristic of the microstructure [21] . The partly restricted possibilities to directly inଏuence these factors and the mutual interactions of these factors reduce the precision and reproducibility of the melt-joined composites and thus the mechanical properties of the joint. As a consequence, rejects may arise or additional post-processing steps become necessary to remove defects, such as shrinkage, mismatch and warpage. Therefore, the goal of an interdisciplinary research group at the RWTH Aachen University is to achieve high level of precision in the case of joined components by controlling and inଏuencing the precision-determining factors during the joining process. In a ଏrst step toward this goal, the factors that inଏuence precision are analyzed.
In addition, we aim to gain a deeper understanding of the mechanisms involved such as wetting of the base material during the melting and interactions of the ଏller metals and base material during solidiଏcation of the ଏller metals and therefore formation of a reaction zone and of the joint by electron microscopy in situ experiments. In the LC-SEM installed at the GFE, a mechanism-oriented observation of the processes during brazing is attempted and the processes taking place during this experiment are directly mapped with the electron beam. The aim of this study is to provide a basic understanding and a further quantitative description of the thermodynamic and thermomechanical properties as well as the relationship between the structures formed during the solidiଏcation.
Heating module
A heating module from the company Kammrath & Weiss was employed for in situ wetting experiments. Fig. 12 shows the installation set- up of the heating module in the LC-SEM.
In this heating module, samples up to a size of 10 × 10 mm can be heated at temperatures ranging from room temperature to 1500°-C. Samples can then be examined in situ in the scanning electron microscope. The heat transfer to the LC-SEM table is kept as low as possible. The small chamber of the heating module is equipped with a motordriven cover, which can be closed to protect the pole piece of the column and detectors from excessive heat loads and from meld deposition from the vapour. The planar samples can be ଏxed with small tungsten springs.
Experiments
Within the framework of the ଏrst experiments, in situ wetting experiments of 78Sn22Cu (wt%) melt spinning braze ribbons on an aluminium cast alloy Al7Si0.3Mg (wt%) are conducted at thixotropic temperatures. Advanced information about the manufacturing process and an analytical characterization of the utilized braze ribbons are published in [1] . The braze ribbon is clamped on the base material with a tungsten spring of the heating module, as shown in Fig. 13 , Picture 1, at the bottom left.
At temperatures above 250°C, the shape of the soldering tape begins to shrink due to the high surface tension (Pictures 2, 3 in Fig. 13 ). Therefore the melting process starts at temperatures in this range. This observation correlates with Sn-Cu thermodynamic data, Fig. 14 . After the shrinking process, the braze ribbon deforms more and more into a partially liquiଏed sphere (Pictures 4, 5 in Fig. 13 ) without wetting the base material. A probable reason for the liquid ଏller metal not to wet the aluminium base material is an alumina layer on top of the base material. At a temperature of 380°C, the braze ribbon suddenly begins to ଏow on the substrate surface starting from the contact point of the tungsten needle (Picture 6 in Fig. 13 ). The braze material is almost completely spread out at 390°C (Picture 7 in Fig. 13 ) and remains virtually unchanged during the holding time of 30 minutes (Picture 8 in Fig. 13 ). We assume that this rapid process started when the alumina layer was locally removed from the top of the base material [see also Video 3] .
In order to get insight in the underlying mechanisms, we performed subsequent characterization of the microstructure of the braze area and the surrounding base material in our LC-SEM by energy-dispersive-Xray-spectroscopy (EDXS, Bruker GmbH). Corresponding SEM-EDXS element maps from this sample (Fig. 15 ) show a non-homogenous distribution of the elements. The base material shows aluminium as the main material, on the grain boundaries of which silicon is enriched and to a lesser extent magnesium. In the area of the braze point, as expected, no base material is to be found, only copper and tin. In addition, it can be seen clearly that tin spreads beyond the braze point along the silicon-enriched grain boundaries of the base material.
Conclusions
We report on the development and initial experiments with three diଏerent in situ units in our LC-SEM. A turning device setup for investigating details of the turning process of metallic samples was developed and ଏrst results were presented. The cylindrical sample can be machined both on its cylindrical surface and on the planar end surface. With this equipment the deformation of the sample surface can be documented during the turning process. Furthermore post mortem examination methods using conventional SEM and TEM provide a deeper insight into the depth to which the deformation extends into the sample and how the resulting chip is constructed. We also report on the incorporation of a laser beam into the LC-SEM to investigate laser welding processes in situ. We have succeeded in producing laser traces in situ and to analyze the results of a variation of the power of the laser. Finally, we report on in situ wetting experiments in our LC-SEM. In this simulation of a brazing process, it was possible for the ଏrst time to observe all stages of the melting and the wetting process of aluminium base material including the removal of alumina layer directly in the electron microscope. Subsequent analytical studies will provide an accurate insight into the composition of the individual phases as well as their local distribution.
